Objective: To establish short-and long-term adverse outcome frequencies related to a late diagnosis of congenital adrenal hyperplasia (CAH) in the absence of newborn screening (NBS) and to determine respective treatment costs, which have never been reported.
Congenital adrenal hyperplasia resulting from 21-hydroxylase deficiency (CAH) is a common autosomal recessive disease characterized as impaired cortisol and/or aldosterone synthesis and excessive adrenal androgen secretion [1] . The worldwide CAH incidence has been reported to range from 1:10,000 to 1:18,000 live births in screened populations [2] , which is similar to the incidence in Brazil [3] [4] [5] [6] .
The disease presents a spectrum of clinical manifestations, classified as salt-wasting (SW), simple virilizing (SV), and nonclassical forms. Only SW and SV are the objective of screening programs because these forms present with severe manifestations in the neonatal period [7] . In the SV form, fetal androgen exposure leads to external genitalia virilization in females, often resulting in incorrect sex assignment at birth. If not treated, postnatal virilization continues in both sexes, resulting in pseudo-precocious puberty and short final height [8, 9] . In the SW form, aside from the hyperandrogenic manifestations, the clinical presentation involves neonatal hyponatremic dehydration, followed by shock and death in the absence of treatment. Male newborns are more susceptible to severe SW crises in unscreened populations [1, 7] .
CAH is suitable for inclusion in public newborn screening programs because the measurement of 17-hydroxyprogesterone (17-OHP) levels involves an inexpensive screening test, CAH is a relatively frequent rare disease, and early diagnosis and treatment significantly reduces morbidity and mortality [7] . Although there have been reported false-negative cases [10] , CAH newborn screening (CAH-NBS) has shown good efficacy in detecting classical patients. However, the high frequency of false-positive results remains a major issue [2, 11] , especially in preterm newborns [12] . Neonates with positive screening results should undergo additional tests to confirm the diagnosis; however, this confirmation process increases screening costs. To date, the only rationale included in economic evaluations for CAH-NBS has been prevention of death resulting from SW crises. This mortality rate has not been well established; however, the risk has been reported to be very low in populations with high levels of health care. Therefore, CAH-NBS has not been considered to be a cost-effective diagnostic tool [13] . With modern ultrasonography, identification of atypical genitalia through routine gestational ultrasound can lead to a prenatal CAH diagnosis, which could reduce the need for CAH-NBS. However, diagnosis using ultrasound is only possible in affected female fetuses, and affected males cannot be diagnosed using this method [14] .
Currently, CAH-NBS is undertaken across all 50 states in the United States, in 35 other countries, and in some regions of 17 additional countries. Although it is an Endocrine Society recommendation, there is no worldwide consensus on implementation within national public health systems, and some countries, even developed ones such as the United Kingdom and Canada, do not universally undertake CAH-NBS in their public health systems [15, 16] . There are limited data regarding the benefits of early CAH diagnosis [17] . Some studies have assessed long-term use of CAH-NBS and have evaluated the decline in mortality rates when comparing screened and unscreened populations [18] [19] [20] .
Two cost-effective analyses concerning CAH screening have been conducted in the United States; both reached differing conclusions. Effectiveness was measured in terms of years of life saved and, through assuming varying mortality rates, 1 analysis concluded that CAH-NBS was cost-effective, whereas the other did not [13, 21] . Neither analysis considered other adverse outcomes of late diagnosis. It has been suggested that the cost-effectiveness of CAH screening might involve other benefits of early CAH detection, including correct sex assignment in cases of atypical genitalia; however, reliable estimates regarding long-term outcomes are still lacking [22] .
Understanding the short-and long-term costs of care associated with delayed CAH diagnoses is important for analyzing the cost-effectiveness of NBS implementation. In particular, information concerning how treatment costs are altered when disease progression is prevented through NBS could be valuable for future economic analysis. For example, the incremental direct costs related to neonatal hospitalization in patients with the SW form, therapies undertaken because of erroneous sex assignment at birth, and precocious puberty should be included.
The frequency of adverse outcomes in a large CAH unscreened population and their respective treatment costs have not been reported in the literature. In this study, we aimed to perform a cost of illness study comprising a CAH cohort diagnosed according to phenotype as a first step to conduct a comprehensive economic evaluation of CAH-NBS implementation.
Methods

A. Population
Data were retrospectively evaluated through a medical records review of 195 patients with CAH (females, n = 141; males, n = 54), who had been followed from 1980 to 2016 at the Hospital das Clínicas, Sao Paulo, Brazil. After the purpose and nature of all the procedures used had been explained, consent was obtained from each patient. This study was approved by the Ethics Committee responsible for research projects at the Hospital das Clínicas Medical School of Sao Paulo University.
A diagnosis of the SV form was made according to confirmation of atypical genitalia in females [23] and sexual precocity in males. Patients with the SW form also presented with hyponatremic dehydration in the first weeks of life. All patients had increased basal 17-OHP levels. Serum 17-OHP, androstenedione, and plasma renin activity levels were measured using radioimmunoassay. Serum cortisol, testosterone, and gonadotropins levels were measured using immunofluorometric assays. The CAH genotype was determined through CYP21A2 analysis [24] .
B. Cost analysis
The cost analysis was based on data derived from the Brazilian public health system (SUS). Prices were obtained directly from the SUS from Brazilian reals (end of 2016, US$1.00 = R$3.26) [26] . Two prices were not available at SUS Table of Procedures, Medications, and Orthoses, Prostheses and Special Materials: hydrocortisone (HC) (10 mg/tablet = $0.15) [27] and dexamethasone (0.5 mg/tablet = $0.17).
C. Time horizon
The frequency of adverse outcomes was analyzed from the time of clinical diagnosis until patients reached 19 years of age.
D. Costs involving standard treatment
Standard treatment was set according to Endocrine Society Guidelines [7] and was calculated as the mean daily HC dose used until bone age maturation. Subsequently, we calculated the mean daily dexamethasone dose until a patient reached 19 years of age. The mean daily fludrocortisone dose was also calculated. Standard follow-up consisted of 4 consultations per year with serum hormone measurements [1, 7, 28] . The number of patients who had undergone feminizing genitoplasty was calculated (i.e., those with Prader III-V) [29] .
E. Costs of adverse outcomes related to late diagnosis
E-1. Patients with the SW form
1. To determine early death cost, the human capital method was used, which considers the productivity loss associated with premature mortality [30] . The expected productive life in Brazil was estimated to be 34.5 years in 2010. This measure represents the average number of years that a 15-year-old person would remain in the labor market if, during his or her active life, he or she was exposed to mortality rates and economic activity levels according to the age group applicable in 2010 [31] . The mortality rate was calculated by comparing the SW form frequency in our unscreened cohort with those identified in other cohorts screened in Brazil [3, 5] . The number of infant deaths per year was calculated using Brazilian yearly live-births data [32] , the SW form incidence, and the calculated mortality rate. The number of years lost was multiplied by the Brazilian gross domestic product per capita [33] . A discount rate of 5% [34] was applied to the estimated loss of future productive years. 2. Concerning hospitalization, the number of patients hospitalized because of dehydration was considered. The amount paid by the SUS has a fixed value for ward hospitalizations, regardless of duration. The costs concerning the intensive care unit (ICU) are paid for each day; therefore, the mean length of stay in the ICU was considered. 3. Regarding laboratory diagnosis for nonhospitalized patients, measurement data concerning serum 17-OHP, testosterone, androstenedione, renin, and electrolytes levels were determined. 4. To determine mental impairment resulting from an SW crisis, the number of patients with cerebral palsy (CP) or intellectual disability was identified. Total cost was extracted from a United States Centers for Disease Control and Prevention survey that had been undertaken to determine costs associated with development disabilities [35] . 5. Sex assignment error at birth concerned females who had been raised socially as males.
This has been calculated as the costs of masculinization surgery and of androgen replacement from puberty to 19 years old [29, 36] .
E-2. Patients with the SV form
1. The use of expensive medications was determined according to the number of patients who had received GnRh analog (GnRha) and GH, as well as the mean doses and treatment duration. 2. Sex assignment error at birth was considered similarly to patients with the SW form. 3. The diagnosis workup was similar to patients with the SW form. For those diagnosed after the age of 2 years, this was added to the cost of bone age radiography.
G. Statistical analysis
Data are expressed as averages and confidence intervals (CIs) and frequencies in percentages.
Comparisons between averages were made using a Student t-test and between frequencies using chi-square tests. Statistical significance was set at p < 0.05, and SPSS Statistics version 22 software was used.
Results
A. Estimating mortality and its costs
The cohort comprised 195 patients (SV, n = 90; SW, n = 105), of whom 54% were identified as having the SW form. Given clinical awareness of CAH has varied throughout recent decades, the results were stratified according to the year of birth, as follows: group 1, born before 1989; group 2, born between 1990 and 1999, and; group 3, born after 1999 (Table 2) . Only group 1 presented a significantly lower SW frequency (43%); however, the female-tomale ratio was similar among the groups. The mortality rate varied from 10% to 26%, which was obtained through subtracting the SW frequency of groups 2 and 3 (64%) from the 75% to 90% found in cohorts screened elsewhere [3, 5] . We considered that, given there had been 3,017,668 yearly live births [32] and a varying CAH incidence reported of 1:10,320 [4] and 1:14,967 [5] , a mortality rate of 10% to 26% would result in 15 to 68 newborn deaths yearly, respectively. This figure, multiplied by a Brazilian growth domestic product per capita of $9001 [33] and 34.5 average productive years of work in Brazil [31] at a 5% discount rate resulted in a cost varying from $2,239,744.76 to $10,271,591.25 from lives lost annually.
B. Diagnosing and treating patients with the SW form
Atypical genitalia was recognized at birth in 54 of 74 females; however, this finding was associated with a precocious diagnosis in only 17 patients. Another 6 females were assigned as males at birth, of whom 2 were raised socially as males because their parents' decision and had undergone a masculinizing process following prolonged psychotherapy.
Neonatal SW crises occurred in 84% of patients (males, 100%; females, 77%). The mean sodium (Na) level was 117.7 mEq/L (95% CI, 113.2-122.2) in males and 123.2 mEq/L (95% CI, 120-127) in females (P = .04). The mean age at diagnosis was 38.8 days (31.1-46.4); 31 days (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) in females and 49 days (36-62) in males (P = .036). Nine patients (3 males, 6 females) developed severe neurological impairment requiring specialized care, of whom 2 presented with CP.
Hospitalization occurred in 91% of the dehydrated patients during a mean length of hospital stay of 38 days (30.3-47.4), and 36% had stayed in the ICU (mean, 23 days; 13.2-32.1). Six patients (5 males) had undergone multiple hospitalizations before diagnosis, resulting in a mean of 1.11 for hospitalizations/patient (1.02-1.2).
All costs related to adverse outcomes and treatment concerning the SW form are described in Table 3 .
The mean cost per SW patient, considering only hospitalization outcomes, was $1087.14 ($676.47-$1497.81).
The costs of neurological sequelae calculated per person were $1,014,000 for mental retardation and $921,000 for CP [35] . The total cost of mental impairment was $85,142.86 per patient with the SW form.
The mean cost concerning a patient with the SW form, considering outcomes resulting from a late diagnosis, was $86,230 (95% CI, 85,819.32-86,640.67).
Regarding standard therapy, the mean HC dose was 14. The total cost concerning the patients with the SW form, from the date of diagnosis to 19 years of age, including standard treatment and adverse outcomes, was $89,349.04 (95% CI, 88,521.42-90,267.41), excluding costs related to neonatal death.
C. Diagnosing and treating patients with the SV form
Among the 90 patients with the SV form, 67 (73.6%) were females. Atypical genitalia was identified at birth in 28 (44%) patients. Sixteen of 67 females (25%) were assigned at birth as males, and 10 of 16 (63%) were raised as males and underwent a masculinization process after extensive psychological evaluation.
The mean age at diagnosis was 5.7 (3.9-7.4) years, and 58 patients (64%) were diagnosed after 2 years of age. Males were diagnosed through hyperandrogenic manifestations in 92% of patients, with only 2 diagnosed because of familial history. Atypical genitalia motivated the diagnosis in 34 of 67 (51%) females, and precocious pubarche was observed in 16 patients (24%).
Advanced bone age at diagnosis was found in 45% of patients (males, 90%; females, 33%). The mean difference between bone age and chronological age was 5.2 (4.4-5.9) years. GnRha was used in 25 (28%) patients, for a mean period of 3.8 years (95% CI, 3.08-4.5). GH was used in 13 (14%) patients for a mean period of 3.2 years (2.4-4.0) and the mean dose was 5.9 UI/d (4.9-6.8).
Considering adverse outcomes in patients with the SV form, such as the masculinization process, the laboratory and radiography examinations required to confirm the diagnosis, and the GnRha and GH therapies, a total cost of $380,931.13 ($265,485.90-$660,903.48) was calculated, at $4232.57 per patient ($2949.84-$7343.37). All costs related to adverse outcomes and treatment for the SV form are described in Table 4 .
Regarding standard therapy, the mean HC dose until bone maturation was 16.8 mg/d (14.8-18.6) and the mean chronological age at bone maturation was 13.2 years (10.6-18.5). The mean dexamethasone dose until 19 years of age was 0.38 mg/d (0.3-0.47). Among the females, 47 of 55 (85.5%) had undergone feminizing genitoplasty. The mean cost involving standard follow-up until 19 years of age was $1689.74 per patient (95% CI, 1,160.79-2586.55).
The mean total cost for a patient with the SV form until 19 years of age, including diagnosis workup, standard treatment, and adverse outcomes, was $5922.48 (95% CI, 4110.80-9930.09). Abbreviations: CI, confidence interval; ICU, intensive care unit; SW, salt wasting. 
Discussion
Economic evaluations guide policy decisions through providing relevant data and projected estimations of long-term clinical and economic outcomes [37] . Costs and benefits have been assessed to establish the effectiveness of NBS in terms of reduced risk of death and/or of severe morbidity [38] ; however, the cost-effectiveness evaluation of CAH-NBS has only focused on the mortality rate. It has been claimed that the lack of data on the costs of long-term disability resulting from late diagnosis should be addressed to improve the quality of evaluations for implementing NBS [22] . In developed countries, CAH is reasonably diagnosed by clinical means [17] , which may not always be the case in developing countries [39] [40] [41] . This paper presents, for the first time to the best of our knowledge, the frequencies and costs of adverse outcomes in a population diagnosed using clinical means. The primary goal of CAH-NBS is to prevent an SW crisis and death. The risk of death for patients with the SW form in the absence of NBS ranges widely across Europe and North America, from 0% to 9% [17] , which differs markedly from the 10% to 26% range estimated in our cohort. However, those risk evaluations were performed among populations with high standards of CAH clinical awareness, and it is possible there was some underestimation in relation to undiagnosed cases. The observation of increased CAH incidence after CAH-NBS implementation and of unbalanced female-to-male and SW-to-SV ratios in some nonscreened populations [42] [43] [44] [45] support our findings of increased CAH mortality from unrecognized SW crises. In our cohort, males corresponded to approximately 30% of patients in both SW and SV forms, indicating that especially males had likely not been diagnosed.
It is expected that a clinical diagnostic workup, knowledge of this disease, and patient care would likely improve with time [46, 47] . Our cohort comprised patients followed for at least 30 years and, when we compared data with regard to 3 different decades, only a partial improvement was found, suggested by the increasing SW form and male proportions in more recent decades (Table 2) . However, no differences in the rates of dehydration, hospitalization, atypical genitalia recognition, and mean serum Na levels at diagnosis were observed, pointing out that a clinical diagnosis of CAH remains suboptimal.
Calculating the value of a statistical saved life (VSL) is challenging. In this study, we selected an income-based human capital method, as has been adopted in other cost-ofillness studies [30, 48] . Current United States regulatory agency practice uses a VSL estimate of approximately $9 million to value an averted death [48] . Considering these data, our estimation of VSL was comparable.
SW crisis is life-threatening in the first 2 weeks of life; clinical diagnosis in our SW cohort occurred much later in both sexes. Males were diagnosed >2 weeks later than females. Similar results have been shown in other populations [18, 41, 42, 49] . It has been reported that NBS might be cost-effective only for males because females are clinically diagnosed through atypical genitalia [13, 50, 51] . Among our females with the SW form, only 21% were prevented from developing dehydration because of clinical recognition of the disease, highlighting that females are also at risk of death from a late diagnosis.
The patients with the SW form presented with low serum Na levels and a long length of hospitalization, suggesting severe SW crises among these patients. Severe salt loss may result in learning disabilities and/or cerebral lesions [52, 53] . We identified 8.6% of our cohort as having mental impairment, which also carries a considerable economic burden because disabled patients receive financial support and multidisciplinary specialized care that is state funded. Data concerning this total cost are not available for the Brazilian population; therefore, we used international data provided by the United States Centers for Disease Control and Prevention that has estimated the direct and indirect economic costs associated with 4 development disabilities [35] . Even though the costs in this study were calculated based on economic data published elsewhere, we emphasized the frequency of these outcomes and their role in accessing CAH-NBS cost-effectiveness evaluation.
In both Brazilian screened and nonscreened cohorts, errors in gender assignment were observed for 6 of 74 (8%) females in our cohort and for 1 of 24 (4%) females in a screened cohort [3] . NBS results provided early diagnosis and correction of this error [3] , whereas, in its absence, 12 patients (SW, n = 2; SV, n = 10) were raised as males and underwent a masculinization process involving cost burdens, invasive surgical procedures, and psychological challenges such as poor self-image, infertility, and impaired sexuality [36] .
Traditionally, the SW form has been the main concern of the NBS program; however, our data showed that the SV form also involves challenges concerning delayed diagnosis. The low male-to-female ratio suggests that, in this clinical form also, males are underdiagnosed and are, therefore, at risk of adrenal crisis during stressful conditions. The mean age at diagnosis of 5.7 years was sufficient to warrant signs of virilization and advanced bone maturation in almost 50% of patients. It has been reported that classical patients present with a loss of potential final height [8, 9] , especially associated with increased androgen levels and advanced bone maturation during infancy [54] . This outcome is likely to have driven the frequent use of expensive therapies such as GnRha and GH in our cohort, which could have been avoided with an earlier diagnosis.
In this study, we used the Brazilian public health system's economic data to calculate the treatment costs of the relevant adverse outcomes. Large variations in costs may occur among different countries; however, we considered it important to describe the dramatic frequencies of late diagnosis-related adverse outcomes in the absence of NBS. These outcomes have a national economic impact and on patients' quality of life, which are likely to occur in differing nonscreened populations.
The findings in this study support the international endorsement of CAH-NBS. A clinical diagnosis of CAH is only possible in symptomatic neonates and cannot be made reliably in both sexes, which can lead to delayed treatment and severe sequelae. These consequences increase the costs of treatment, including measurable factors, such as longer hospitalizations for hyponatremic dehydration and expensive medications to improve final height. Furthermore, the absence of early diagnosis could result in unnecessary physical, psychological, and neurological damage to patients that is not easily measurable.
To date, the only rationale included in economic evaluations concerning CAH-NBS has been prevention of deaths from neonatal SW crises. We estimated that the mortality rate could be as high as 26% in our population; however, because the mortality rate varies widely in other populations, there is uncertainty concerning the cost-effectiveness of CAH-NBS. Considering our results, we recommend that the cost-effectiveness of CAH-NBS should be determined in relation to additional benefits of early detection, which have remained unassessed in the literature before this study. Further studies comparing costs and benefits of both clinical and screening diagnoses should be undertaken.
